Abstract
by the ascending aorta and major cephalic arteries, filled almost exclusively by LV outflow 86 and discharging principally into cephalic organs. The second is a lower body arterial reservoir 87 comprising the descending thoracic and abdominal aorta and its major branches, filled mainly 88 by RV output and discharging into lower body tissues and the umbilico-placental circulation. 89
Thus, any reservoir discharge passing left-to-right across the ductus during and after the birth 90 transition could potentially arise via discharge from the upper body arterial reservoir crossing 91 the aortic isthmus, retrograde discharge from the lower body arterial reservoir, or both. 92
This study, which was performed in anesthetized and acutely-instrumented preterm 93 lambs undergoing immediate clamping of the umbilical cord and early mechanical ventilation 94 at delivery, therefore had two main aims. The first was to determine, via analysis of central 95 high-fidelity blood flow profiles, the contributions of LV systolic flow, upper body arterial 96 reservoir discharge and lower body arterial reservoir discharge to left-to-right ductal flow in 97 the birth transition. The second aim was to establish if the relative proportion of contributing 98 sources to reversed ductal flow changed as the degree of shunting increased, given that left-to-99 right ductal shunting rises rapidly to a peak by 10-15 min after birth (8, 32) . 100
Methods

101
Studies conformed to guidelines of the National Health and Medical Council of 102 Australia and were approved by the institutional Animal Ethics Committee. 103
Surgical preparation The general features of the surgical preparation were as previously 104 described (32). Briefly, six Border-Leicester cross ewes were anesthetized at a gestation of 105 128 ± 1 days (mean ± SD, term = 147 days) with intramuscular ketamine 5 mg⋅kg -1 and 106 xylazine 0.1 mg⋅kg -1 , followed by 4% isoflurane given by mask. After intubation of the 107 trachea, anesthesia was maintained with isoflurane (2-3%) and nitrous oxide (10-20%) 108 delivered in O 2 -enriched air using a ventilator, supplemented by intravenous infusion of 109 ketamine (1-1.5 mg⋅kg ) and fentanyl (2-2.5 mg⋅kg -110 oximetry sensor applied to the ear. The right common carotid artery was cannulated for 112 monitoring of blood pressure and blood gas analysis, with ventilation of the ewe adjusted to 113 maintain arterial Po 2 (P a o 2 ) at 100-120 mmHg and arterial Pco 2 (P a co 2 ) at 35-40 mmHg. 114
Following a midline laparotomy, the fetal head was exteriorized via a hysterotomy and 115 placed in a saline-filled glove to prevent loss of lung liquid. After delivery of the left forelimb 116 and adjacent thorax, a fluid-filled catheter was passed into the superior vena cava via the left 117 axillary vein for fluid and drug administration. In addition, the ascending aorta was 118 cannulated via the left axillary artery with a short fluid-filled catheter for pressure 119 measurement and blood sampling, and a 3.5-Fr micromanometer Millar 120 Instruments, Houston, TX) to measure high-fidelity pressure. A thoracotomy was performed 121 in the 3 rd interspace and vessels carefully dissected for placement of non-constrictive transit-122 time flow probes around the aortic isthmus (6 mm), ductus arteriosus (8 or 10 mm) and left 123 pulmonary artery (4 or 6 mm). A fluid-filled catheter and another 3.5-Fr micromanometer 124
were inserted via purse-string sutures into the pulmonary trunk near the junction of the ductus 125 and common pulmonary artery to measure pressure (Fig. 1) . After placement of a fluid-filled 126 catheter into the left atrial appendage for pressure measurement, a clamped 4.5 mm 127 endotracheal tube containing a proximal side-port for measurement of tracheal pressure was 128 inserted via a tracheostomy in a proximal intercartilaginous space and tied into place. 129
Experimental protocol After removal of the glove over the fetal head, the endotracheal 130 tube was unclamped to allow lung liquid to drain passively via gravity for ∼20 sec, and then 131 re-clamped to prevent lung aeration prior to ventilation. While hemodynamics were recorded 132 continuously onto computer, the fetus was completely delivered from the uterus, placed on the 133 ewe's abdomen without tension on the umbilical cord, and covered with warmed towels. 134
Following withdrawal of an aortic sample 30 sec after delivery for blood gas analysis, the 135 umbilical cord was occluded with a clamp 1-2 cm from its abdominal insertion site, and 136 another blood gas sample withdrawn 15 sec later. The endotracheal tube was then connected 137 to an infant ventilator (SLE 5000) and positive-pressure mechanical ventilation commenced 138 with a warmed and humidified O 2 /air mixture 31 ± 9 sec after cord clamping, to avoid an 139 asphyxial state which occurs if the cord clamp-to-ventilation interval exceeds 45 sec (32 ), with aortic blood gas 147 samples obtained at 0.5, 1, 2, 3, 5 and 10 min after the start of ventilation. 148
The recording of physiological data onto computer that had been commenced just prior 149 to delivery was continued for a further 10 min after the start of ventilation. After cutting of the 150 umbilical cord and completion of this recording, the lamb was carefully transferred onto a 151 heated neonatal resuscitation Cambridge, UK). 164
As hemodynamics can change very rapidly during the birth transition, 5 sec data blocks 165 were analyzed from the delivery data file 1) 15 sec after cord clamping, 2) immediately before 166 the start of ventilation and 3) at 15 sec intervals in the first minute after the start of ventilation. 167
In addition, 10 sec data blocks were analyzed 1) just before cord clamping and 2) at 2, 3, 4, 6, 168 8, 10, 15 and 30 min after ventilation onset. Apart from a 48 Hz low-pass filter to remove 169 During data analysis, 1) an instantaneous high-fidelity pulmonary-to-aortic pressure 172 difference profile was derived after matching of mean aortic and pulmonary trunk 173 micromanometer pressures to the corresponding catheter pressures; 2) combined left and right 174 pulmonary arterial flow was calculated as the product of measured left pulmonary arterial 175 flow and the total-to-left lung weight ratio (32), 3) pulmonary vascular resistance was 176 computed as (mean pulmonary pressure -mean left atrial pressure) / (mean pulmonary 177 arterial flow), and normalized to wet lung weight; 4) a descending aortic blood flow profile 178 was generated as the instantaneous sum of the isthmus and ductal flows, with studies 179 performed in a separate group of animals (n = 3) indicating that the morphology of this 180 synthesized profile closely mirrored that of the waveform measured with a transit-time flow 181 probe placed on the descending thoracic aorta just distal to its origin (data not shown). 
Results
208
Blood gases and hemodynamics After umbilical cord clamping, pH, S a O 2 and P a o 2 fell 209 rapidly, while P a co 2 increased (all P < 0.001), with reversal of these changes after the start of 210 ventilation (Table 1) . PVR was unchanged after cord clamping, but fell by 55% with 211 ventilation (P < 0.001, Fig. 3A ). Mean aortic and pulmonary blood pressures increased by 8 212 mmHg after cord clamping (P < 0.001), but dropped 10-11 mmHg by 15 sec after ventilation 213 (P < 0.001) before partially recovering over 3-4 min, with pulmonary blood pressure then 214 falling progressively to the 15 min time-point (P < 0.025; Fig. 3B ). The pulmonary-to-aortic 215 mean pressure difference was positive in fetuses (2.0 ± 1.8 mmHg, P < 0.05) and unaffected 216 by cord clamping, but fell after ventilation to be negative at ≥8 min after birth (P < 0.005; Fig.  217 3C). Concurrently, the morphology of the pulmonary-to-aortic pressure difference profile was 218 transformed from a positive and largely systolic deflection in the fetus, to an extensive 219 negative waveform with a prominent early systolic spike in the newborn (Fig. 4) . 220
Morphology of blood flow profiles In the fetal state, ductal shunting was right-to-left 221 throughout the cardiac cycle and descending aortic flow positive in diastole, with trivial 222 negative ductal and descending aortic flow spikes occasionally evident in early diastole. 223
However, clear-cut diastolic left-to-right ductal shunting appeared immediately after cord 224 clamping, accompanied by diastolic backflow in both the isthmus and descending aorta (Fig.  225   5) . This left-to-right ductal shunting rose further within 15 sec after the onset of ventilation 226 ductal flow that mirrored a positive spike in the isthmus profile. By contrast, however, 229 isthmus diastolic backflow initially fell with ventilation, with later emergence of a 230 progressively increasing degree of forward flow in diastole (Fig. 6A) . As expected, rises in 231 left-to-right ductal shunting after cord clamping and ventilation were accompanied by a 232 progressively greater positive offset in the pulmonary arterial flow profile (Fig. 6B) . 233
Blood flows Although falling abruptly (P < 0.001), mean ductal flow remained positive 234 with cord clamping but was negative at ≥4 min after ventilation (P < 0.001), peaking at -415 235 ml/min by 15 min. However, significant left-to-right ductal shunting was first evident after 236 cord clamping (P < 0.001), and progressively increased following ventilation (P < 0.001) to a 237 nadir of -440 ml/min at 15 min. Correspondingly, right-to-left ductal flow fell with cord 238 clamping (P < 0.001), and then further with ventilation to be statistically zero at ≥10 min (Fig.  239   7A ). In association with a progressive rise in pulmonary arterial blood flow, mean isthmus 240 and descending aortic flows both fell after cord clamping (P < 0.001), but diverged after 241 ventilation, with isthmus flow increasing appreciably (P < 0.001) and descending aortic flow 242 falling further (P < 0.05; Fig. 7B ). 243
Sources of left-to-right ductal flow Before and during cord clamping in the fetus, left-to-244 right ductal shunting was entirely derived from lower body reservoir discharge. A significant 245 contribution from upper body reservoir discharge was evident by 45 sec after ventilation (8 ± 246 6 ml, P < 0.025), and from LV systolic flow by 3 min (43 ± 34 ml, P = 0.025) with the latter, 247 in particular, then increasing further (P < 0.002; Fig. 8A ). However, while lower body 248 reservoir discharge also continued to rise after ventilation (P < 0.005), its relative contribution 249 to left-to-right ductal shunting diminished to 55 ± 8% at ≥15 min (P < 0.001), which was still 250 higher than either LV systolic flow (33 ± 8%, P < 0.002) or upper body reservoir discharge 251 (12 ± 5%, P < 0.001; Fig. 8B ). 252
Discussion
253
In the adult circulation, systemic arterial reservoir (or 'windkessel') function fulfills an 254 essential physiological role, as it enhances LV pumping efficiency and ventricular-vascular 255 coupling and, via a buffering effect, transforms a highly pulsatile LV systolic output into a 256 relatively steady distal flow which spans both systole and diastole, thereby protecting the 257 microvasculature from deleterious effects of excessive shear stress (5, 18, 28) . However, until 258 the present study, no direct assessment of systemic arterial reservoir function has been 259 undertaken in the fetal and transitional circulations, even though forward blood flow/velocity 260 in diastole, a distinctive feature of arterial reservoir discharge (5), is clearly evident in many 261 major systemic arteries of the fetus and newborn in both experimental (1, 3, 7, 32) and clinical 262 studies (6, 12) . 263
In the adult, the systemic arterial reservoir is filled by LV outflow in systole and 264 discharges into the microvasculature in diastole (5). However, as also observed in clinical 265
Doppler-echocardiographic studies (12, 19, 21) and also across the isthmus as backflow that enhanced cephalic discharge of the upper body 290 arterial reservoir. Importantly, this initial change in direction of lower body arterial reservoir 291 discharge (and thus the onset of significant diastolic left-to-right ductal shunting) was not 292 dependent on falls in pulmonary vascular resistance or the pulmonary-to-aortic mean pressure 293 difference, as both were unaffected by cord clamping (Fig. 3) . 294
With the addition of ventilation, left-to-right ductal shunting, diastolic pulmonary arterial 295 flow and the negative diastolic component of descending thoracic aortic flow increased 296 further, whilst backflow across the isthmus fell (Fig. 6 ). These flow changes suggest that 297 ventilation initially further increased retrograde discharge from the lower body arterial 298 reservoir, presumably related to the ventilation-induced fall in pulmonary vascular resistance 299 (Fig. 3) , and also redistributed this discharge, so that even a greater portion passed left-to-300 right across the ductus, and thence to the lungs. With ongoing ventilation, isthmus flow 301 became positive after 45 sec, first in late-diastole and later throughout most of diastole, 302 indicating that discharge from the upper body arterial reservoir was then also supporting left-303 to-right ductal shunting. Subsequently, an increasing LV systolic flow contribution to left-304 right ductal shunting via isthmus flow in systole emerged by 3 min after ventilation onset, in 305 parallel with a rise in LV output (32), and rapidly increased to exceed the contribution of 306 upper body reservoir discharge. Thus, the systolic and diastolic proportions of left-to-right 307 ductal shunting were quite dynamic in the birth transition, with an entirely diastolic flow 308 during cord clamping in the fetus followed by a shift to combined diastolic and systolic 309 shunting after several minutes' ventilation, which stabilized at a proportion of two-thirds 310 diastolic (i.e. the sum of lower and upper body reservoir discharge) and one-third systolic by 311 15 min (Fig. 8) . 312 undergoing such shunting is all derived from LV output (15-17, 39). However, our finding 315 that retrograde discharge from a lower body arterial reservoir constitutes the main source of 316 this shunting has an important corollary because, at least until systolic ductal flow falls to zero 317 at ≥10 min after birth (Fig. 7) , this reservoir will be filled by a combination of LV and RV 318 systolic outflow. Moreover, comparison of ductal, isthmus and descending thoracic aortic 319 flow patterns (Fig. 7) suggests that RV outflow was the main filling source of the lower body 320 reservoir not only in the fetus, but also after cord clamping before ventilation and for the first 321 minute after the onset of ventilation. A progressive shift to a predominant LV contribution 322 then occurred over the next 10 or so minutes, as isthmus flow increased with a rise in LV 323 output, and as systolic ductal flow fell to zero due to an increasingly greater distribution of a 324 lowered RV output towards the lungs (32). 325
Second, it has been asserted that a predominant diastolic component of left-to-right 326 ductal shunting is related to LV systolic outflow reaching the ductus in diastole, due to the 327 path-length of the ascending aorta and aortic isthmus exceeding that of the pulmonary trunk 328 (15) (16) (17) 39) . However, the close temporal matching of positive isthmus and negative ductal 329 flow components observed in systole after ventilation in the present study (Fig. 6) clearly 330 demonstrate that LV systolic outflow crossed the ductus in systole, a conclusion also 331 supported by two other lines of evidence. First, as wave speed in the perinatal aorta ranges 332 from 3.6-5.8 m/s (13, 35, 40) , it would take only 9-14 ms to travel the 51 ± 2 mm path-length 333 (measured in 10 preterm lambs of similar gestation) from the aortic valve along ascending 334 aorta and isthmus to the mid-length of the ductus, which is well within the duration of systole 335 (183 ± 24 ms in the present study). Second, and perhaps more importantly, while LV and RV 336 pre-ejection periods are similar in utero, the RV pre-ejection period increases but the LV pre-337 ejection period is unchanged in the initial 30 min after birth (14) i.e. the onset of LV ejection 338 then precedes RV ejection. That LV ejection occurred before RV ejection in newborn lambs 339 of our study was indicated by the appearance of a widening interval between the upstrokes of 340 the high-fidelity aortic and pulmonary pressure profiles, which generated a very early and 341 systolic negative spike in the ductal flow profile (Fig. 6) , a feature also evident at the 5 min 344 newborn time-point in Fig. 5 of (8) . 345
A potential limitation of our study was that it was performed under general anesthesia 346 and open-chest conditions, an approach necessary because of the extent of instrumentation 347 required to obtain required multi-site high-fidelity blood flow and pressure measurements. 348
However, key features of the birth transition were similar to those previously reported in 349 chronically-instrumental fetal lambs, including a rapid rise in pulmonary arterial flow and a 350 marked fall in pulmonary vascular resistance, as well as a rapid switchover from fetal right-to-351 left to postnatal left-to-right ductal shunting (7-9, 11, 27) . Nonetheless, we cannot exclude the 352 possibility that dissection around central vessels with placement of flow probes altered 353 changes in vessel compliance and flow patterns during the birth transition, although any effect 354 is likely to be minor. In particular, while the ductus can constrict with mechanical 355 manipulation (26), it is unlikely that any significant ductal constriction was present before 356 birth in our study as the pulmonary-to-aortic mean pressure difference, a sensitive indicator of 357 such constriction (36), was very similar to the value of 1-2 mmHg measured in chronically 358 instrumented, normoxemic preterm fetal sheep without any ductal instrumentation (9, 10, 24) . 359
In conclusion, the results of this study of the preterm birth transition strongly suggest that 360 newly-emergent retrograde discharge from the lower body systemic arterial reservoir plays a 361 key role in supporting rapid reversal and a systolic-to-diastolic shift of ductal shunting after 362 immediate cord clamping followed by early ventilation, with this source of left-to-right ductal 363 flow preceding and exceeding trans-isthmus contributions arising from LV systolic flow and 364 upper body arterial reservoir discharge. Our findings also suggest that cord clamping and 365 ventilation had specific but differing effects on left-to-right ductal flow patterns, in that cord 366 clamping instigated an abrupt change in direction of the normal fetal antegrade discharge 367 from the lower body arterial reservoir, with the resultant retrograde diastolic discharge 368 passing both to the lungs via the ductus and to the fetal upper body across the aortic isthmus. 369
On the other hand, presumably because of an associated fall in pulmonary vascular resistance, 370 it entirely across the ductus, but also promoted contributions to left-to-right ductal shunting 372 via the isthmus from LV systolic flow and upper body arterial reservoir discharge. These 373 divergent effects of cord clamping and ventilation thus imply that the temporal sequence of 374 changes in flow patterns at the confluence of the isthmus, ductus and descending aorta, as 375 well as the proportional make-up of left-to-right ductal flow sources, will differ from those 376 described in the present study if ventilation precedes cord clamping at birth. 377
Finally, given that diminution, absence or even reversal of arterial diastolic blood 378 flow/velocity accompanies many fetal and newborn cardiovascular disease states (20, 30), a 379 wider implication of our study is that abnormalities of systemic arterial reservoir discharge 380 may constitute a significant yet largely unrecognized contributory factor to perinatal 381 hemodynamic disturbances. This is likely to be particularly relevant in preterm infants, where 382 abnormal arterial diastolic blood flow/velocity profiles are a marker of systemic 383 hypoperfusion (30), are more common in the presence of hypotension (23) 
